Uranium nitride fuel is considered for fast reactors (GEN-IV generation and space reactors) and for light water reactors as a high-density fuel option. Despite this large interest, there is a lack of information about its behavior for in-pile and out-of-pile conditions. From the present literature, it is known that C and O impurities have signicant inuence on the fuel performance. Here, we perform a systematic study of these impurities in the UN matrix using electronic-structure calculations of solute-defect interactions and microscopic jump frequencies. These quantities were calculated in the DFT+U approximation combined with the occupation matrix control scheme, to avoid convergence to metastable states for the 5f levels. The transport coecients of the system were evaluated with the self-consistent mean-eld theory. It is demonstrated that carbon and oxygen impurities have dierent diusion properties in the UN matrix, with O atoms having a higher mobility, and C atoms showing a strong ux coupling anisotropy. The kinetic interplay between solutes and vacancies is expected to be the main cause for surface segregation, as incorporation energies show no strong thermodynamic segregation preference for (001)-surfaces compared with the bulk.
I. INTRODUCTION
UN is considered as one of the most promising fuels for fast nuclear reactors, Generation IV and space rectors 13 .
Additionally, it has also been considered as a new highdensity fuel option for commercial light water reactors, allowing for a longer fuel residence time in the reactor 4 .
The increased cycle period leads to fewer refueling shut downs and is thus an economical driving force for nitride fuel implementation. The UN compound is an attractive fuel option due to the combination of high ssile nuclide density, higher thermal conductivity, and high melting The issue related to the nitrogen enrichment persists because it is necessary to have a N 15 concentration greater than 90% to suciently increase the neutron economy, reduced by the high absorption cross-section of N 14 . N 15 is not available in large scale, and there are still economics issues regarding the process to obtain it 9 . Moreover, the high pyrophoricity in powder condition also causes serious problems to establish an industrial fabrication route 7 .
Obtaining powder with oxygen content below 1500 ppm, required for fuel application, is even today something implemented only at the laboratory scale. However, the strong potential benets of the fuel motivates continued research and development activities world-wide.
Due to these technological challenges, there is a signif- 
Equation 1 is written for the system of interest in this paper: vacancies (V ) and solutes (S = C, O) migrating on the N-sublattice of the UN rocksalt structure. 
where [α] is the volumetric concentration of cluster α, 
where β, γ ∈ {V, S}. would be no ux coupling, and that the sign of the ux coupling depends on the association/dissociation term, the mobility contribution being always positive. We dene two quantities that will be used to study out-ofequilibrium impurity segregation: the V S pair drag ratio
and the ux ratio φ. The drag ratio is an intrinsic property of V S pairs, and characterizes the qualitative nature of vacancy-solute ux coupling: the drag eect occurs when the drag ratio is positive (both V and S owing in the same direction) and the inverse Kirkendall eect occurs when the drag ratio is negative (V and S ow in opposite directions). The drag ratio alone is not sucient to understand radiation-induced segregation, because we also need to account for the diffusion of matrix atoms with respect to impurity atoms.
To this end, a ux ratio is dened
A ux ratio φ > 1 means that vacancy sinks will be depleted in solute S, while φ < 1 means that vacancy sinks will be enriched in solute S. From lattice site conservation,
We assume local equilibrium between isolated V , isolated S and V S pairs, thus 
The kinetic properties of V S pairs will be studied thoroughly in Sec III B, and drag ratio and ux ratio will be computed and discussed in Sec. III C.
III. RESULTS
A. Energetics of solutes near (001) surface and vacancies
Incorporation energies
We rst study the incorporation energies of C and O on the N-sublattice of both UN bulk and UN(001) surface. Figure 1 shows the bulk structure and the various solute sites considered. Impurity atoms have been set in a substitutional position either located in an isolated or in two consecutive nitrogen sites. Incorporation energies dene the relative stability of an element located in a pre-existing vacancy in the material. In the present work, Eq. 6 denes these incorporation energies and was used to obtain the values listed in Table I . In this equation, E S corresponds to the total energy of a UN system where an impurity S is incorporated in a N-vacancy; E V is the total energy of the UN system containing a N-vacancy; The data in Table I surface structures, and it shows that there is no thermodynamic driving force for impurity cluster formation.
The only exception is the pair of C atoms in adjacent spin planes, which reduce the total energy of the system by 0.05 eV when they are 1NN to one another instead of being isolated. This value is small and beneath the convergence threshold of our ab initio calculations.
Moreover, it is found that all isolated defects have an energetic preference (up to 0.2 eV) to be located in the bulk rather than in the surface. Note that the isolated O impurity shows the same incorporation energy for bulk and surface. The energy dierence between bulk and surface can be larger for impurity pairs, but the bulk conguration is always energetically favored.
In order to get a better understanding of the elec- Fig 2f ) . Thus, the chemical coordination found for oxygen is dierent in the surface compared with the one in the bulk and for C in the surface. This result shows that the oxygen possess higher exibility in types of chemical bond to be formed with U, i.e. it can bind with dierent bond angles, which seems not possible for C. Thus O may be more stable than C in the surface, which is in accordance with the incorporation energy obtained in Table I .
Based on the above discussion, we found that there is no strong thermodynamic driving force for segregation of ing energies were calculated using Eq. 7: E V S (S=C,O) is the total energy of a system containing V and S close to one another and E bulk is the energy of bulk UN. In this formulation, a positive binding energy indicates that the vacancy solute pair is more stable than isolated vacancy and solute.
All the congurations considered are shown in Fig. 3 and the results are described in Table II However, these congurations can be either normal to the spin plane (N conguration) or tangential to the spin plane (T conguration) as a consequence of the magnetic orientation. To distinguish between these, we adopt the subscripts T or N.
As can be seen in Table II, For both impurities, the interactions tend to go to zero beyond 4NN. The increase for 5NN is due to the limited size of the simulated structure which creates interactions with periodic images. These 5NN binding energy values are not considered fully trustworthy and will not be used in the subsequent modeling parts of this paper. Table III . Saddle-point energies (E sp ) are also presented in Table III , and are dened by Eq. 8. For a given jump sequence, the highest E sp denes, as a rst approximation, the rate limiting step for this specic migration path 43 . The superscript represents the spin orientation between the planes that contain V and S, both in the initial and nal congurations. Table III shows that the solute-vacancy exchange migration energies are signicantly lower for O than for C.
This low value is a consequence of the path followed by O atom in the diusion process as reported in previous work 21 . Consequently, we expect that vacancy exchanges more frequently with O atoms, but this is not conclusive to predict some drag phenomenon, nor that the longrange diusion mechanism will be more ecient. The atomic scale information from Table III must now be statistically averaged to obtain macroscopic kinetic coefcients, which will provide some insight into the diusion mechanism of V S pairs (Sec. III B). Isolated vacancies have anisotropic jump rates in the bulk system (see Table III ), and isolated V will preferentially jump in the N -direction (migration energy is 2.07 eV, compared with 2.23 eV in the T -direction). But jumps in the N -direction also have a component along the T -direction, meaning that successive jumps in the N -direction can produce long-range diusion in the Tdirection, and this is why both solid and dashed green lines in Fig. 5 have the same slope (i.e. same migration energy, cf. Table IV) . Their slightly dierent prefactor stems from dierent kinetic correlations. So the same mechanism will produce V diusion in all directions, but this mechanism is more eective in the N -direction than it is in the T -direction. Table IV shows the results of tting the mobilities in Fig. 5 to Arrhenius expressions
It turns out that all V S mobilities do not follow Arrhenius laws on the full temperature interval. We chose T = 600 K as the approximate transition temperature between migration mechanisms, to have all mobilities tted on the same temperature interval. Below (and above) this transition temperature, mobilities can be tted to Arrhenius expressions. The fact that the eective migration energy changes between low and high temperatures indicates a change in the main migration mechanism for V S pairs. For a given temperature range, V C pairs have similar migration energies along every diusion direction, which shows that they are diusing in every direction using the same atomic mechanism. As for the isolated vacancy, diusion prefactors dier slightly, because a given mechanism is not necessarily equally eective in all directions.
Upon increasing the temperature above 600 K, the effective migration energy of a V C pair decreases by 0.18 eV, which indicates that a mechanism that is less probable than the previous one is more ecient at generating long-range diusion phenomena. It will thus become dominant at high temperatures where probability dierences between various kinetic trajectories decrease.
Contrary to the two previous clusters (V and V C), V O pairs have a non-negligible diusion anisotropy at low temperature, which diminishes as temperature increases.
Also, diusion in the T -direction is more ecient than in the N -direction. Again, the change in the eective migration energy as temperature increases is attributed to a change in the main paths leading to long-range diusion.
Note that the main path can in fact be a combination of various kinetic trajectories or migration mechanisms. Table IV . Arrhenius ts to the mobility curves plotted in Fig.   5 for two temperature ranges: T < 600 K and T > 600 K.
The variation of the diusion prefactor and the migration energy between these ts points towards a change in diusion mechanisms for V C and V O pairs.
T Table IV. We now combine the data from Table III and Figs. 5 and 6 to get a more precise idea of atomic-scale migration mechanisms. We will focus on low temperature migration paths, because then it is reasonable to assume that there is a single trajectory that controls the kinetic properties of the system. As the temperature increases, differences in trajectory probabilities decrease and several migration paths might have similar impact on the overall kinetic properties. When a single trajectory controls the kinetic properties, the eective migration energy can be estimated using the highest barrier approximation
.
This approximation states that the eective migration barrier is the energy dierence between the most energetic saddle-point and the most stable state of this trajectory. This simple estimation does not take into account kinetic correlation, but it can be compared with migration energies from Table IV to make sure that the correct migration mechanism of V S pairs has been identied. Our procedure is the following: we start from a vacancy-solute exchange, required to produce any motion of solutes. Then, we look for the lowest saddle-point jump from this conguration and try to construct a path using only this kind of jumps, and such that the nal conguration is a translation (along the diusion direction) of the initial one. To make sure that we identied the correct mechanism, the associated migration barrier is estimated as E m = 1.86 + 0.26 = 2.12 eV, in good agreement with the 2.14 eV from Table IV . For this system, it is interesting to note that diusion in the T -direction is more ecient using V -S exchange perpendicular to spin planes.
A similar method is applied to identify the V O migration mechanism in the N -direction, depicted on the righthand side of Fig. 7 . This mechanism only goes through 1NN congurations (o and s) and the eective migration energy is E m = 2.02 + 0.26 = 2.28 eV, again in good agreement with the 2.29 eV obtained from tting the mobility coecient (see Table IV ). Yet, there are various jumps with similar saddle-point energies: ω 11 os (2.02 eV), ω 13 so (2.01 eV) and ω 14n os (2.03 eV). This means that at some point during the migration path, the vacancy has equal chances to keep moving around the solute or diuse away from it. These dissociation jumps are represented by green arrows (5' and 6'). Thus, long range diusion in the N -direction is less ecient.
The same tools are used to understand the diusion of V C pairs at the atomic scale. The migration mechanism identied for V O migration in the T -direction is also valid for V C diusion in the same direction, and rotating the trajectory by 90 degrees gives the most probable mechanism in the N -direction. In the case of C, the same migration mechanism accounts for diusion in all directions because the limiting step is the vacancycarbon exchange, and the eective migration energy is E m = 2.70 + 0.27 = 2.97 eV, in agreement with results from Table IV. The limiting step being the V -C exchange, the uniqueness of the migration path is not guaranteed, even at low temperature, because the vacancy is able to perform a large number of jumps around the solute in between two exchanges with the solute. Still, the mechanism shown on the left-hand side of Fig. 8 is the most probable trajectory of V around the carbon atom. This mechanism only leads to diusion in the N -direction, and the rotated mechanism leading to diusion in the T -direction has a lower probability. Diusion in the Tdirection is thus tricky to understand. On the right-hand side of Fig. 8 , jump 2 will probably not lead to long-range migration because the following lowest barrier jump (la- but it is much less probable than the aforementioned trajectories. Thus, in the T -direction, the V C cluster is expected to diuse via successive association and dissociation jumps, rather than as a pair that stays bound all the time. Note that the probability of V and C forming a pair rather than being isolated is given by the V C binding energy and does not depend on the migration mechanism. Therefore at equilibrium, the fact that C diuses by successive associations and dissociations with V does not necessarily means that it will diuse slowly.
C. Radiation-induced segregation
This section discusses the radiation-induced segregation properties of V C and V O pairs as Sec. III A has shown that there is no thermodynamic driving force for isolated impurity surface segregation. Figure 9 presents the V S pair drag ratio, which controls the qualitative nature of the ux coupling phenomenon, for V O (blue lines) and V C (black lines) pairs in both T -direction (solid lines) and N -direction (dashed lines). The V O pairs ux ratio is positive at low temperature, which is consistent with the mechanisms presented in Fig. 7 , where the most probable migration path is the one where the vacancy diuses in the rst two NN shell around the solute, and exchanges with the solute, leading to long-range diusion of the pair cluster as a whole. We already explained For the right-hand side plots, additional green arrows denote possible dissociation path. Trajectories (1, 2, 3) and (1, 2 , 3 ) are more probable than trajectory (1, 2 ), which implies that after a V -C exchange, V will more easily migrate away from C rather than around it.
that it should be easier to dissociate a V O pair diusing in the N -direction than one diusing in the T -direction.
This comment is in agreement with the fact that the drag ratio is always lower in the N -direction (dashed blue line) compared with the T -direction (solid blue line). As temperature increases, jump sequences leading to cluster dissociation become more and more probable, thus the drag ratio decreases, and becomes negative at some point. This is expected because in the innite temperature limit, all rates become equal and the drag ratio is given by
where f 0 is the self-diusion correlation factor for face centered cubic systems.
V C pair diusion in the N -direction behaves similarly as V O pairs, which is not surprising as the predominant migration path in this direction is similar to the V O migration path in the T -direction (cf. Fig. 8 left plot) . Most striking is the V C drag ratio in the T -direction (solid black line) which is always negative from room temperature up. The drag ratio shows a minimum around T 1300 K. This negative drag ratio is most probably related to the fact that it is dicult for the V C pair to diuse in the T -direction without dissociating, as shown in Fig. 8 . It is thus expected that an isolated vacancy will encounter a solute and exchange with it. After this jump, the vacancy can either start a jump sequence which will lead to solute diusion in the N -direction, or dissociate from the solute, both with equal probabilities. The rst possibility does not lead (on average) to any diusion in the T -direction. In the second possibility, the vacancy will have performed a single exchange with the solute (in this process V and S ow in opposite directions) and then dissociates. Successive encounters of this type lead to a net ux of solutes in a direction opposite to that of the vacancy ux, hence the negative drag ratio. It is also interesting to note that V C pairs show very small anisotropy in the mobility coecient (cf. Fig. 5 ), yet they show qualitatively opposite ux coupling properties between the T -direction and the N -direction. At low temperature, vacancies drag oxygen atoms, leading to O enrichment at point defect sinks. At T 800 K or T 1000 K depending on the diusion direction, the drag ratio becomes negative, which is related to the inverse Kirkendall phenomena. Nevertheless, the ux of V to sinks still creates O enrichment up to T 1100 K because of the relative probability of V to exchange with a matrix atom rather than an impurity atom. 
